Genetic variation affecting gene regulation is a central driver of phenotypic differences between individuals and can be used to uncover how biological processes are organized in a cell. Although detecting cis-eQTLs is now routine, trans-eQTLs have proven more challenging to find due to the modest variance explained and the multiple tests burden of testing millions of SNPs for association to thousands of transcripts. Here, we successfully map trans-eQTLs with the complementary approach of looking for SNPs associated to the expression of multiple genes simultaneously. We find 732 transeQTLs that replicate across two continental populations; each trans-eQTL controls large groups of target transcripts (regulons), which are part of interacting networks controlled by transcription factors. We are thus able to uncover co-regulated gene sets and begin describing the cell circuitry of gene regulation.
eQTLs where analysis can be limited to the genomic locus encoding each gene, trans-eQTL discovery requires genome-wide testing, and the correction required for testing millions of SNPs for association to thousands of transcripts renders even large studies underpowered. Thus, simple analyses which look for independent association evidence that many transcripts map to the same region will fail, and new approaches are required to sensitively detect trans-eQTLs and describe patterns of gene co-regulation.
Here, we hypothesize that if variation in trans acts on the transcriptional regulation machinery, it should affect multiple transcripts simultaneously and thus allow us to detect co-regulated gene sets, or regulons. We pursue this idea by applying a second-level significance testing 14 framework to detect trans-eQTLs affecting multiple transcripts 15 : in essence, our approach is to look for a shift in the distribution of eQTL association statistics at each SNP, indicative of association to multiple transcripts. We are thus not limited either by power to detect association to individual transcripts at genome-wide significance levels nor do we have to test all possible combinations of transcripts for association as in a standard meta-analysis 16 . In extant eQTL data we are able to identify 732 trans-eQTLs that replicate across two continental populations and that modulate the expression levels of multiple genes. We further show that these regulons have independent evidence of co-regulation and co-ordinate function on several levels. We are thus able to uncover sets of co-regulated genes in studies of realistic size and begin describing the large-scale organization of the transcriptome.
Results

Trans-eQTLs are common and affect hundreds of genes
Our premise is that if a SNP affects the transcript levels of multiple genes, then there should be an excess of low association statistics at that SNP 14 . At each SNP, we test a single hypothesis: whether the association pvalues deviate from the expected distribution, which we define empirically to account for the correlation between gene expression levels (see Online Methods). We apply this approach to eQTL data from the CEU and YRI HapMap populations (109 and 108 individuals respectively 17 ), replicating observations across the two datasets. We consider 8,368 transcripts detected in lymphoblasoid cell lines and 610,180 autosomal SNPs with minor allele frequency >15% in both populations. After data quality control and normalization, we calculate SNP-expression association statistics accounting for gender, and for each SNP calculate a CPMA statistic from the 8368 eQTL p-values. As CPMA is a distributional test and does not identify which transcripts are being affected, we identify trans-eQTL targets in a separate step using a two-group mixture model on the pvalue distribution. We define genes as targets if they have >80% probability of belonging to the non-null group (see Online Methods).
We found 26792/610180 SNPs in CEU and 28013/610180 in YRI have an empirical P CPMA < 0.05, with a significant overlap of 1311 SNPs between these sets (hypergeometric p = 0.0079). After accounting for linkage disequilibrium (r 2 < 0.2), we find that these represent 732 independent effects present in both populations ( Figure 1A , B, Table S1), each affecting many genes ( Figure 1C ). If these effects are genuine trans-acting eQTLs, we expect them to fulfill two key predictions across the two populations: the genes they influence should be the same in the two populations; and the direction of effect of the minor allele should be consistent between the two populations for these genes. To account for the correlation between expression levels, we have developed empirical approaches to assess both these predictions (see Online Methods).
For the first prediction, we assess whether the trans-eQTL has same targets across the two populations. Given N CEU and N YRI target genes, we observe an intersect N overlap = N CEU {union symbol} N YRI . We construct an expected distribution of N overlap across all 610,180 SNPs in the analysis and compute the empirical p-value P overlap from this, which accounts for correlations between markers and between expression traits. We find that 329/732 effects have significant overlap of target genes in the two populations (SNP-wise P overlap < 0.05; binomial probability of this number of overlaps occurring by chance p = 1.6 x 10 -200 ), showing that we can replicate our trans-eQTLs across two populations. For the second, we assess whether the direction of effect is consistent across the two populations and find that 618/732 SNPs have SNP-wise p < 0.05 by this measure (binomial probability of this number of overlaps occurring by chance p < 1 x 10 -300 ). We thus show that our approach detects genuine trans-eQTLs active in two continental populations and each affecting regulons comprised of hundreds of genes.
trans-eQTLs act via cis-eQTLs
We next hypothesized that trans-acting variants would exert their effects on their targets by perturbing genes in cis 11 . We found that they are located closer to genes than expected by chance (p = 0.016), and are more likely to be found within gene boundaries (p = 0.011). Overall, we found that 486/732 trans-acting variants are within 500 kb of a gene and that we had classified a proximal gene as a regulon member for 154 of these 486, suggesting that a sizeable fraction of our trans-acting variants act as cis-eQTLs. We found that trans-eQTLs were more likely to affect the proximal gene compared to other SNPs with similar CPMA statistics (enrichment of true trans-acting SNPs as cis-eQTLs p = 7.2 x 10 -8 and p = 2.1 x 10 -270 in CEU and YRI respectively; Figure  2A ). However, cis-eQTLs occur frequently and we wanted to establish whether our trans-acting SNPs were true cis-eQTLs or whether they merely reside in regions enriched for cis-eQTL activity. We therefore tested if they had stronger association to their cis-targets than surrounding markers and found this to be overwhelmingly the case (rank test p = 4.3 x 10 -43 and p = 5.6 x 10 -57 in CEU and YRI respectively; Figure 2B ), showing they are likely to be the causal alleles for the observed cis-eQTL. We thus show that a substantial proportion of the detected trans-acting SNPs act as cis-eQTLs on proximal genes; this may be the mechanism by which they effect the expression of target genes encoded elsewhere in the genome.
trans-eQTL targets are co-regulated
By definition, our results imply that the genes in our 732 regulons are coordinately regulated. If so, regulon members should share transcriptional control machinery, so we hypothesized that we could detect coregulation as an enrichment of transcription factors binding to members of each regulon. We test this by looking for enrichment of transcription factor binding events near target genes in lymphoblasoid cell lines profiled by the ENCODE project. We find that 681/732 (93%) target sets are enriched for targets of at least one transcription factor, and 563/732 (77%) show enrichment of two or more transcription factors (Table S2 ). Of course, these results do not mean the enriched transcription factors induce the trans-eQTLs directly, but that the target genes are co-regulated.
We further hypothesized that regulons represent functional gene modules and sought evidence of functional interaction between members of each set. We looked for significant protein-protein interactions between regulon members using DAPPLE 18 and found that 101/732 (14%, binomial p = 8.1 x 10 -20 ) showed significant (p < 0.05) increase in direct connections between proteins, constituting a strong enrichment ( Figure S1A ). Furthermore, 155/732 (21%, binomial p = 1.8 x 10 -52 ) have evidence of participating in broader networks (DAPPLE's indirect networks, Figure S1B ). These results support the model that trans-eQTLs perturb functionally linked gene sets by altering their regulation at the transcriptional level.
Next, we define a subset representing networks of interacting genes controlled by the same transcriptional machinery. The 36 regulons shown in Table 1 have significant target overlap, effect directionality, target protein connectivity and transcription factor binding in both CEU and YRI. We see a strong correlation between functional interaction at the protein level and transcriptional regulation among target genes: in 35/36 of these regulons, the genes forming direct DAPPLE protein-protein interaction networks are also enriched for targets of significant ENCODE transcription factors. We find that these target gene sets are in general enriched for Gene Ontology terms associated with cellular homeostasis, suggesting that trans-eQTLs may often affect basic cell processes such as mRNA and DNA homeostasis during transcription and cell division (Table S3) . Thus, these results show that trans-acting eQTLs modulate transcriptionally coherent groups of genes involved in basic cellular processes.
Finally, we tried to uncover what molecular changes trans-acting variants induce to influence their targets. Concentrating on the 36 regulons described above, we reasoned that the trans-acting variants alter the expression of the ENCODE transcription factors enriched for binding to each regulon. We hypothesized that the expression levels of each enriched factor should correlate to regulon genes. We found at least one significant correlation for 32/36 sets ( Table 2) . We found no evidence that the trans-acting variant associates with expression of these transcription factors directly, consistent with our above observation that these variants act on other genes in cis to exert their effects (Table 3) . We see similar results when considering all 732 regulons (table S2). we therefore suggest that this perturbation eventually results in alteration to transcription factor expression levels and hence changes target transcript expression.
Discussion
In this work we are able to identify trans-eQTLs by looking for evidence that a SNP simultaneously influences many transcripts. We are able to show compelling evidence for widespread trans-acting eQTLs in human cells replicating across continental populations, by addressing the massive multiple testing burden inherent to eQTL analyses. We find that large-scale co-regulation of gene sets is a common feature of the human transcriptome 3, 19 , which can be uncovered by genetic analysis across populations. Some regulons vary across the population in concert with changes to transcription factor expression levels, although other control mechanisms likely exist.
trans-eQTLs have proven challenging to detect in human data, despite the substantial heritability of gene expression attributed to them 13 . The modest effect sizes of trans-acting variants 10, 11 in part drive this failure, as does the systematic noise in gene expression assays 20 . Whilst both issues can be addressed by increasing sample size to boost statistical power 12 , the cost and logistics of ascertaining large cohorts makes this approach economically prohibitive, especially when considering multiple tissues 21 , so new analytical approaches are required. When considering multiple phenotypes simultaneously, as is the case with transeQTLs controlling many transcripts, additional information from the expectation of shared association to boost power 16 . Our approach leverages this additional information and we are able to show -in publicly available data in which standard analyses have not yielded results -that trans-eQTLs are detectable in large numbers.
Our results are consistent with precise regulation of biological processes, particularly basic homeostatic mechanisms, which may have high-level phenotypic consequences. These observations further support the notion that regulation of basic cell processes is highly orchestrated and occurs on several levels simultaneously 22 . Applying this approach to eQTL datasets from diverse tissues will yield rich insights into tissue-specific regulatory circuits driving diverse cellular processes. Finally, we note that biological exploration and dissection of these pathways will require new experimental tools, which can address the subtleties of quantitative regulatory changes in large numbers of genes. To understand how trans-acting SNPs may exert their effects on distal targets, we asked if they had evidence of altering the expression of genes in cis. We found that they had more significant cis-eQTL p-values compared to non-replicating SNPs with similar CPMA scores in each population (panels A and B; rank p-values compared to similar CPMA SNPs for CEU and YRI respectively). We also found that they were amongst the strongest cis-eQTL signals in their loci (panels C and D: rank-based p-values for magnitude of cis-eQTL test statistics compared to all other SNPs in the trans-acting locus). Table legends   Table 1 : Across-population transcriptionally coherent trans-eQTLs affect interacting gene sets bound by transcription factors. This narrow subset of 36 regulons satisfies all our predictions: trans-eQTL effects are significant in both CEU and YRI (columns 4 and 5); regulons are made up of the same genes in the two populations (columns 6-10) and the allelic effects are consistent in direction (column 11); and target genes form significant interaction networks (assessed by DAPPLE 18 ; column 12). Each target set is also enriched for binding of at least one transcription factor in ENCODE chromatin immunoprecipitation data (column 13, further detailed in Table 2 ). We note that other trans-eQTLs, which do not fulfill the interaction network or transcription factor enrichment criteria, likely modulate their targets through other mechanisms. The explained variance in regulon member expression levels is shown in columns 14-17. Table 2 : transcription factor expression levels correlate to regulon genes in 32/36 transcriptionally coherent regulons across populations. For each factor enriched for binding near regulon member genes, we correlated expression level in CEU and YRI to the centroid of regulon expression values (calculated as the first principal component; see Online Methods for details). For the majority of comparisons the correlation was significant (empirical P < 0.05; ns = not significant) and only 4/36 transcriptionally coherent regulons did not have at least one transcription factor correlated to regulon member expression. Thus, changes in expression to regulon members appear mediated by changes to expression of relevant transcription factors. Table 3 : likely mediators of transcriptionally coherent trans-eQTLs. In 15/36 trans-eQTL loci, we found evidence that a gene within 500kb of the trans-acting SNP could mediate the downstream effect on regulons. Genes were cis-eQTLs associated to the trans-acting SNP; were part of the regulon; were significantly correlated to the regulon's overall expression pattern across individuals; or were significant seeds in the DAPPLE 18 interaction networks of the regulon members. In six instances, multiple genes are potential mediators of the trans-eQTL effect; this may reflect a broader disruption to the local regulatory landscape induced by the trans-acting SNP. Figure S1 : Connectivity between regulon members. Plots show histograms of DAPPLE connectivity p-values for (A) direct protein connectivity and (B) indirect protein connectivity for 732 significant regulons. Table S1 : Significant trans-eQTLs replicating across two populations. Empirical CPMA p-values for CEU and YRI are listed in columns 4 and 5. Number of regulon members in CEU and YRI are listed in columns 6 and 7, and the observed overlap in column 8. The expected random number of overlapping regulon members including the 95% confidence interval are included in column 9. The p-value of trans-eQTL target overlap between CEU and YRI is listed in column 10. Column 11 lists the empirical p-value for allelic effect consistency across populations, and column 12 the p-value for protein-protein interactions (assessed by DAPPLE). Column 13 lists the number of transcription factors whose targets are enriched among regulon members (further details in Table S2 ). Table S2 : ENCODE transcription factor binding enrichment in trans-eQTL regulons. For each transcription factor enriched for binding near regulon member genes (number of genes in column 3, enrichment p-value in column 4), we correlated its expression level in CEU and YRI to the first principal component of regulon gene expression. The significant correlation coefficients for CEU and YRI are listed in column 5 and 6 ('ns': not significant, 'NA' indicates TF was not detected in the gene expression data set). Table S3 : Gene ontology (GO) terms enriched in more than 20 of the 36 high confidence trans-eQTL regulons. We list the GO ID, GO term and number of regulons for which the term is enriched.
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Data processing
Genotype and gene expression data are described in Stranger et al. 2012 and are publicly available at Array Express (http://www.ebi.ac.uk/arrayexpress/) under accession numbers E-MTAB-198 and E-MTAB-264. This dataset comprises whole genome gene expression quantified from lymphoblastoid cell lines of individuals of the HapMap populations{InternationalHapMapConsortium:2005cu} (Coriell, Camden, New Jersey, United States). We used data from 109 Caucasians living in Utah USA, of northern and western European ancestry (CEU), and 108 Yoruba in Ibadan, Nigeria (YRI). Genotype data was filtered based on minor allele frequency of 15% in both CEU and YRI population, resulting in 610180 SNPs genome wide. Gene expression data was normalized using the GCMA algorithm and filtered based on inter quartile range (iqr) and mean expression values to exclude non-expressed genes and unvarying genes. The IQR was clearly bimodal, and a 0.25 cut of was used ( Figure S1 .A). The mean expression level of genes was also bimodal, and an intensity cut off of 8 was employed. 
CPMA calculation (MAF correction, CPMA simulation).
In order to detect SNPs associated to the expression of multiple genes we employed a cross phenotype meta analysis{Cotsapas:2011hb} based on the eQTL p-values from a linear regression with sex as covariate. Calculated CPMA values were corrected by minor allele frequency of the analyzed SNP. The small sample size and large extent of correlation between genes causes deviance from the expected null-distribution of uniformity. We therefore created a simulated CPMA data set based on the observed covariance of Z scores between genes. First, 8368 correlated Z score vectors were created based on the Cholesky decomposition of the covariance matrix. These were transformed to p-values, and CPMA calculated. Observed CPMA values above 95 percentile of the simulated values were considered significant in each population. We thereafter focused on the set of SNPs that showed significant CPMA statistics in both the CEU and YRI data sets (significant overlap, hypergeometric p-value 0.0079). In order to focus on independent effects we grouped variants based on linkage disequilibrium (r 2 < 0.2) and CPMA p-value using the clumping procedure in plink{PURCELL:2007dg}. This resulted in 732 independent trans-eQTLs and a background set of 83,843 SNPs.
Defining regulon members and significance testing across populations
Our CPMA statistic identifies SNPs associated to many transcripts, but not the transcripts themselves. To identify regulon members, for each trans-acting SNP we model the p-value distribution as a mixture of two Gaussian distributions with unequal mode and variance using the mclust package in R{Team:2005wf}. We then classified genes as belonging to one of these two distributions, requiring >80% probability to be included in the distribution with low mean p-values, and defined genes in this group as trans-acting SNP targets. We then defined a trans-eQTL regulon as the transcripts thus classified in both CEU and YRI (the intersect set).
We expect true trans-eQTLs to affect the same genes across populations. To test the significance of observed overlaps between populations, however, we must account for the fact that transcript expression levels are correlated across individuals, which violates the assumptions of most overlap tests. We therefore assessed the overlap in gene targets of each trans-eQTL empirically while taking the observed correlation into account. Given N CEU and N YRI target genes, we recorded the overlap of genes between the top N CEU and N YRI genes at each SNP across the genome, and the significance of the observed overlap was assessed given this null distribution. A histogram of empirical p-values is shown in Figure 1C , in total 329 of the 732 regulons had a p-value < 0.05. This null distribution of overlaps was used to estimate the expected random regulon size as included in Table 1 and S1, column 9. We also estimate the proportion of variance explained as the adjusted R 2 from the linear regression models.
Due to the correlation between expression levels, we also empirically test our prediction of allelic effect direction being the same across populations. For each regulon, we calculate the proportion of same-direction effects (using the sign of the linear regression coefficient in our eQTL calculation). We compare this to a null expectation calculated as the proportion of same-direction effects for the same genes at each SNP in the genome.
We tested enrichment of Gene Ontology (GO) categories using conditional hypergeometrical tests as implemented in the R package GOstats [[S Falcon and R Gentleman. Using GOstats to test gene lists for GO term association. Bioinformatics, 23(2):257- 8, 2007 .]] We focused this analysis on the genes whose proteins were significantly interacting according to the dapple analysis (p-value < 0.05) in order to detect the functionality of the core regulon genes.
Detecting protein-protein interactions between regulon members with DAPPLE
We ran DAPPLE{Rossin:2011gq} for each target set of the significant trans-eQTLs under default settings. Enrichment of low p-values was calculated using CPMA and showed significance for both direct connections and indirect degree (p-values 4.8 x 10 -21 and 3.6 x 10 -70 respectively).
Transcription factor (TF) target overlap
We used publicly available ENCODE data{Gerstein:2012fq}, where each TF has been connected to target genes targets are defined using the probabilistic model TIP{Cheng:2011bd}. LCL data were downloaded from http://encodenets.gersteinlab.org/enets8.GM_proximal_filtered_network.txt. For each of the 732 trans-eQTL target sets, we investigated the overlap with each of the 50 ENCODEderived TF target sets. To estimate an empirical p-value for this overlap we created an null distribution for each regulon by randomly selecting genes with similar expression levels and obtaining the random overlap with the TF target set. The observed overlap was then compared to this distribution. We next determined whether enriched TFs were correlated to the expression levels of regulon members (first principal component of the scaled expression levels). Significant Pearson correlations are included in Table S2 . Finally, we used a hypergeometric test to detect whether regulon members forming DAPPLE networks are targets of ENCODE TFs.
cis-eQTL enrichment
BEDtool [[ref] ] was used to collect the closest distance between assayed SNPs and genes (GENCODE v.18) as well as the overlap between genes and SNPs. The distance to closest gene was not correlated to the minor allele frequency of the SNPs. We therefore compared the distance for the 732 trans-eQTLs to the full set of independent SNPs using Wilcoxon non-parametric rank tests. Number of actual overlaps with features was compared using binomial tests. We tested the enrichment of cis-eQTL effects among our trans-eQTLs in two complimentary ways. First, we assessed whether trans-eQTLs were more likely to affect a nearby gene compared to other SNPs with similar CPMA scores. For each trans-acting SNP, we compared eQTL p-values for genes within 500 kb; for each gene we compared the strength of association to 1000 randomly selected SNPs with similar CPMA scores to the trans-acting SNP. Secondly, we tested whether the trans-eQTL was the strongest cis-eQTL effect in the region. We therefore compared the strength of association between all SNPs within 500 Mb of the suspected cis-gene to the strength of association of the trans-eQTL..P-values were calculated as the rank of the trans-eQTLs p-value divided by the number of regional SNPs.
Putative trans-eQTL mediators in cis: In order to detect additional potential cis-eQTL mechanisms underlying the trans-eQTLs we looked into the genes located within 500 kb of a set of 36 trans-eQTLs with significant across-population target overlap, significant across-population target directionality, significant TF target overlap, and significant dapple direct connectivity scores. We calculated the correlation between their expression levels and the first principal component of the expression levels (scaled) of the regulon members.
We derived an empirical p-value for the correlation between potential 'cis-genes' and regulon members by permuting sample labels for the cis-gene and recalculating the correlation 1000 times. 
